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 An improved cavity backshort coupling scheme for TES (transition edge sensors).
 Increased coupling of the incoming astronomical signal to the TES detectors.
 Improved cavity geometry, resulting from anisotropic silicon crystal etching process.
 Novel, efficient mode-matching code for modelling electrically large structures.a r t i c l e i n f o
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In this paper we present a new cavity backshort design for TES (transition edge sensor) detectors which
will provide increased coupling of the incoming astronomical signal to the detectors. The increased cou-
pling results from the improved geometry of the cavities, where the geometry is a consequence of the
proposed chemical etching manufacturing technique. Using a number of modelling techniques, predicted
results of the performance of the cavities for frequencies of 4.3–10 THz are presented and compared to
more standard cavity designs. Excellent optical efficiency is demonstrated, with improved response flat-
ness across the band. In order to verify the simulated results, a scaled model cavity was built for testing at
the lower W-band frequencies (75–100 GHz) with a VNA system. Further testing of the scale model at
THz frequencies was carried out using a globar and bolometer via an FTS measurement set-up. The exper-
imental results are presented, and compared to the simulations. Although there is relatively poor com-
parison between simulation and measurement at some frequencies, the discrepancies are explained by
means of higher-mode excitation in the measured cavity which are not accounted for in the single-
mode simulations. To verify this assumption, a better behaved cylindrical cavity is simulated and mea-
sured, where excellent agreement is demonstrated in those results. It can be concluded that both the sim-
ulations and the supporting measurements give confidence that this novel cavity design will indeed
provide much-improved optical coupling for TES detectors in the far-infrared/THz band.
 2018 Elsevier B.V. All rights reserved.1. Introduction
If future far-infrared space observatories such as the proposed
SPICA mission [1,2] are to go beyond the sensitivity limits of their
predecessors (e.g. HSO [3,4] and Spitzer [5]), detectors withextremely low intrinsic noise must be combined with an efficient
optical coupling scheme. Ongoing work at the far-infrared TES
detector test facility at SRON Groningen is pushing the sensitivity
limits of far-infrared detectors at frequencies that will allow the
THz gap to be truly bridged. The TES detectors being tested there
are routinely showing NEPdark of 2 1018 W=
p
Hz and saturation
powers below 10 fW at wavelengths as short as 30 60 lm [6].
In order to take advantage of these extremely high sensitivities it
is important to employ an efficient optical coupling scheme. The
cavity backshort format currently used in the SRON TES detector
test facility is a hemisphere, as shown in Fig. 3 (left). The main
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relative ease of manufacture through mechanical machining, and
the geometrical assumption that placing the detector at the centre
of the hemisphere would focus the signal onto it.
It has been shown previously however that there are indeed
more optimum solutions such as a sinusoidally varying backshort
wall [7]. However, creating these more complicated geometries
to a high level of accuracy with mechanical machining becomes
very difficult at the micron-scales required for the shortest wave-
lengths of the far-infrared band. Another backshort geometry that
has been shown to provide improved coupling over that of the
hemisphere is a pyramidal shape [8,7]. The benefit of choosing a
pyramidal geometry over a sinusoid is that a pyramid can be chem-
ically etched from a silicon wafer using a technique called anisotro-
pic silicon crystal etching [9–11]. Using this chemical etching
method on the appropriate crystal face naturally results in a pyra-
midal micro-cavity with an apex angle of 71. Further improve-
ment can been achieved if two such pyramid structures are
employed in a back-to-back format, with the absorber layer and
TES detector located where the two pyramids join (Fig. 3 (right)).2. Cavity and backshort designs
2.1. Purpose of cavity and backshort
The purpose of a detector backshort, in front of which the TES
and absorber layer are housed, is to help couple the astronomical
signal to the thin absorbing layer of Ta. If the impedance of the
Ta layer is matched to free-space (377 X Sq1), approximately half
of the radiation will be absorbed and half transmitted upon prop-
agating across the Ta absorber. The part of the signal that is trans-
mitted must then be reflected by the backshort, back toward the
absorber, where again roughly half of the remaining signal will
be absorbed.
A full cavity structure is intended to provide multiple reflec-
tions and thus multiple passes of the signal across the Ta absorber.
The highly sensitive TES, which is coupled to the Ta absorber then
detects the minute increase in temperature due to the signal
absorbed by the Ta. Inevitably some level of signal will be returned
back through the waveguide feed, and some will be lost through
the free-space gap (if present) between the waveguide and cavity-
backshort, as is the case with the current design used in the TES
testbed [12]. The purpose of the free-space gap is to allow some
distance between the delicate TES array chip and the metal block
that contains the feed horn array, as vibrations during launch could
cause damage if the two were to come into contact.
2.2. Current typical designs
The most commonly utilised backshort designs for the far-
infrared wavebands are simple flat surfaces [13,14] as shown in
Figs. 1 and 3 (centre), based on the quarter-wavelength resonance
approach. However, given that the quarter wavelength backshort
distance corresponds to one particular wavelength value withinFig. 1. A model of a cylindrical waveguide with radius r ¼ 50 lm. For the
fundamental TE11 EM mode, propagating at a frequency of, say, m ¼ 5 THz (k ¼ 60
lm), the backshort distance will be Dd ¼ k=4 ¼ 15 lm.the design waveband (usually the central wavelength), such detec-
tor arrangements can often have poor coupling at wavelengths not
close to the centre of the waveband. So, for a single propagating EM
mode, each wavelength/frequency within a given band will have
its own specific ideal backshort distance, and this is illustrated in
Figs. 1 and 2 (left). The problem becomes more complicated when
one considers an over-moded detector pixel. As well as the usual
frequency dependence for the ideal backshort distance, each EM
mode exhibits maximum coupling at a different backshort distance
for a given frequency. This is illustrated in Fig. 2 (right), where the
fractional power absorbed corresponds to the average absorption
across the band. For instruments designed for wavebands spanning
a full octave or more, this can clearly be an issue.2.3. Improved design
It was determined that the best approach to increasing the cou-
pling of signal to the absorber, across a large waveband, was to find
a more optimum geometry backshort to that of the hemisphere or
flat backshort, while at the same time reducing or removing the
free-space gap. Furthermore, a more precise manufacturing tech-
nique was desired as it is clearly difficult to machine smooth, pro-
filed micro cavities using mechanical machining methods. The
novel manufacturing technique of isotropic or anisotropic silicon
crystal etching allows the fabrication of extremely smooth cavities
with hemisphere or pyramidal geometries, respectively [10,11].
Further improvements in surface finish, with root mean square
roughness values smaller than 20 nm can be achieved if the etch-
ing is carried out in an ultrasonic bath [15]. In general the chemical
etching method results in a smoother, sharper, burr-free surface
finish [16]. Although no analysis of the potential benefits of a
smoother surface finish were carried out in this paper, the tech-
nique provides a means to easily achieving more complex geome-
tries with improved coupling properties for the signal. Finally, if
two such cavity structures could be used back-to-back then the
free-space gap could be eliminated while still providing some dis-
tance between the TES and waveguide (see Fig. 3 (right)).3. Computational models
3.1. Finite element model
In order to simulate the performance of the new pyramidal cav-
ity design, a frequency domain FEM (finite element method) model
was built using the RF module in the COMSOL Multiphysics pack-
age [17]. PEC and PMC boundary conditions were employed to
reduce the size of the problem by a factor of 4, and the walls of
the cavity were given PEC boundaries. The cavity was fed by a
square waveguide with dimensions of 100 lm2, and the Ta absor-
ber was represented by an infinitely thin (geometrically) layer with
sheet resistance of 377 X square1. It has previously been theoret-
ically shown that this approximation holds true for a Ta layer with
thickness d 6 10 nm [18], and the actual thickness of the Ta cur-
rently used in the SAFARI pixel testbed is d  7 nm. The waveguide
was excited with a TE10 waveguide mode, where it was assumed
that the horn and waveguide would be single-moded. In reality,
given the dimensions of the waveguide, a number of higher-
order modes will also be present at the higher frequencies, the
number of which will depend on the field of view of the optics.
The fraction of power absorbed by the Ta sheet can either be
determined indirectly by analysing the return power using (1)
(since there are no other losses assumed) [19,20], or by performing
a surface integral across the Ta layer using 2 [21]. The parameter to
be integrated is the surface resistive heating which is a result of
induced currents across the Ta. Both methods were used to
Fig. 2. Left: Coupling of signal to Ta absorber as a function of frequency and absorber-backshort distance. Right: Average coupling (across band) of signal to Ta absorber as a
function of absorber-backshort distance and mode number.
Fig. 3. Left: The cavity backshort format currently being used in the SAFARI pixel testbed. Centre: Another typical (flat) cavity backshort design often used. Right: The new
cavity design concept that utilises the natural pyramidal shape that results from chemically etching a silicon wafer appropriately. The square waveguide has a cross-section of
100 lm2 in each case.
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sizes within the double-pyramid cavity structure, the results of
which are shown in Figs. 5 and 6.
P0Abs ¼ 1 S211 ð1Þ
PAbs ¼
Z Z
S
1
2
Re ~JS ~E
 
 dS ð2Þ3.2. Mode-matching model
Due to the high computational memory demands when mod-
elling high frequencies with the FEM approach, an alternative
modelling technique was also employed. A novel EM mode-
matching program was developed in-house [22], where the fields
are formulated as a sum of TE (transverse electric) and TM (trans-
verse magnetic) modes. The power transmitted through a system is
analysed by calculating power coupling integrals at planes wherethere is discontinuity in the geometry, and ensuring power is con-
served. Overall scattering matrices are constructed which repre-
sent either the modal power transmitted through the entire
system ( ~S21), or the return modal power ( ~S11). The behaviour of
the resistive absorber sheet can also be included by defining spe-
cial boundary conditions for the integrals at the plane where the
absorber is positioned [23,24]. An analysis of the total return
power (which would be unity for an empty cavity, and less than
unity if there is an absorber present) can then be used to deduce
the amount of power absorbed by the Ta. The calculation is similar
to that of Eq. (1), except that the S11 factor is replaced by a summa-
tion over the elements of the first row of the matrix ~S11, since those
elements correspond to weighting factors for the reflected modes
of the system. This mode-matching approach is very computation-
ally efficient as it takes advantage of symmetry in terms of the
modal solutions to the wave equation within square or rectangular
geometries, as well as the analytical forms that can be found for
the integrals.
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analysis approach for simulating absorbers in electrically large
structures. Using this method, a number of cavity backshort
geometries were analysed across the highest frequencies of the
far-infrared band. The results of this comparison analysis are
shown in Fig. 4, where no vacuum was included for any of the
models so that the comparison would be as fair as possible. As
would be expected, a simple closed waveguide with an absorber
filling its cross-secion, and shorted at the closed end of the guide,
produces a predictable periodic rise and fall in terms of power
absorbed (Fig. 4 (left)). Expanding the closed end of the guide into
a cylindrical cavity serves to slightly smooth-out these resonances,
but a large amount of variance is still observed across the band.
Fig. 4 (right) then shows the predicted improvements for more
complex geometries. The hemispherical cavity significantly
reduces the depth of the resonant dips, and increases the overall
coupling across the band. Clearly, a sinusoidal profile exhibits the
best performance across the band, however machining a large-
format array of micron-scale cavities with such a complex geome-
try would be very challenging. As such, the pyramidal cavity was
determined to be optimum selection, as it too provides a much-
improved increase in coupling and flatness, while also relatively
straight-forward to manufacture.Fig. 5. Left: The predicted fraction of signal absorbed by a 200 lm2 Ta absorber in the
compared to both the direct and indirect methods of COMSOL. Right: Results for the sm
Fig. 4. Left: The predicted fraction of signal absorbed by a Ta absorber fulling filling a 200
400 lm2 cavity with a flat backshort. Right: Comparison of signal absorbed by the sameHaving settled upon the pyramidal geometry cavity for further
analysis, the mode-matching simulation results were then com-
pared with COMSOL FEM simulations for verification. Fig. 5 (left)
shows relatively good agreement between the two modelling tech-
niques, considering they are based on completely different theoret-
ical methods. Again, very good predicted coupling of signal to the
detector across the frequency band for a 200 lm2 Ta absorber is
shown. The average value across the band is 91:9%, with a stan-
dard deviation of 8:7%.
There is a desire to keep the absorber as small as possible since
the detector’s time constant is directly related to its size. A smaller
absorber will therefore result in a faster speed of response. Fig. 5
(right) shows that if the absorber size is reduced to 100 lm2 there
is clearly a reduction in predicted absorber efficiency across the
band, but a band average of 81:1% is still considered quite good.
There is a significant increase in the level of variance across the
band though, with a standard deviation of 15:7%. Fig. 6 (left)
shows the predicted band average efficiency values for a range
of absorber sizes housed in the double-pyramid cavity structure,
where the error bars represent the standard deviation across the
band for each absorber size. Both FEM and mode-matching meth-
ods were used for the simulations, again showing very good
agreement.new design pyramidal cavity. The results from the mode-matching approach are
aller 100 lm2 absorber.
lm2 square waveguide, compared to the same 200 lm2 absorber in the centre of a
Ta absorber in the centre of hemispherical, pyramidal, and sinusoidal cavities.
Fig. 6. Left: The predicted band-average (4.3–10 THz) signal absorbed by various Ta absorber sizes in the new design pyramidal cavity. The error bars represent the standard
deviation in absorption values across the frequency band. Right: A photograph of the scaled-up cavity for testing, and scaled-up pieces of Ta absorber material.
Fig. 7. Left: Schematic of the single-head W-band VNA (vector network analyser) setup used for measuring the pyramidal absorbing cavities. FMH is the frequency multiplier
head, and WG is the waveguide feed with dimensions of 2:54 1:27 mm. Right: Results of power absorbed by an 8 8 mm Ta absorber in a scaled pyramidal cavity, inferred
from the return power of the VNA system. The predicted results from the FEM model are shown also.
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bit overall better coupling, it is not entirely clear why the level of
variance across the band is so much affected by absorber size.
Looking closely at Fig. 5, there are in fact a small number of fre-
quency values where coupling increases for the smaller absorber,
quite significantly at around 4.9 and 7.4 THz (k ¼ 61:2 lm and
40:5 lm, respectively). However, for the majority of frequency val-
ues the coupling is lower for the smaller absorber. Ultimately, the
increased variance is a result of some frequencies being adversely
affected more than others by the smaller absorber size. Since the
physical size of the smaller absorber’s cross-section is comparable
to the wavelengths of the signal, the increased variance is likely
due to a relationship between the electrical size of the absorber
relative to a given wavelength. This effect is somewhat similar to
the function of a planar radio receiver or patch antenna. Then, once
the absorber is made much larger than the wavelength, this
antenna effect is negligible and the absorber behaves as a classical
optical detector, with less variance observed. Such effects were
analysed in some detail in [25].
4. Experimental verification
4.1. Coherent scaled measurements
In order to verify the computational simulations, a 25.4 scale
model was designed and built for testing at W-band frequencies(75–110 GHz). The scaled-up cavity and feed, together with the
scaled Ta absorbers are shown in Fig. 6 (right). The 25.4 scale,
based on scaling the 100 lm2 waveguide to the width of the WR-
10 waveguide (2.54 mm) translates to a pyramid with a base of
10.16 mm2. A VNA (vector network analyser) was used in combi-
nation with a frequency multiplier head to generate and detect
the W-band signals. A schematic of the set-up is shown in Fig. 7
(left). The scale tests were somewhat limited in frequency range.
When scaled correctly, the span of frequencies only represents a
scaled range of 1.905–2.79 THz. Nonetheless, good agreement
between simulation and measurement in this frequency range
would give confidence to the validity of the simulations and the
approach of modelling the Ta absorber as an infinitely thin resis-
tive sheet.(see Fig. 8)
An 8 8 mm squared sapphire substrate of thickness
0:27 0:02 mm, containing an  7 nm layer of Ta on its surface,
was positioned in the centre of the scaled double-pyramid cavity
structure. Due to the comparable size of the W-band wavelengths
to the substrate thickness, the sapphire material properties were
also included in the FEM model. An analysis of return power (S11)
was carried out for a frequency sweep across the W-band, in steps
of 50 MHz. A frequency domain FEM model of the system was cre-
ated with COMSOL Multiphysics, which was not too computation-
ally demanding given the relatively low frequencies. As can be seen
from Fig. 7 (right) the agreement between simulation and mea-
surement is not very good for the scale model VNA tests, with
Fig. 8. Left: The components of the W-band cylindrical cavity kit that can be used to assemble a large variety of cavities with varying dimensions. Right: Illustration of the flat,
cylindrical cavity that was assembled for measurement at W-band frequencies, for verification of simulations.
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compared to the result deduced from the measurements. The con-
clusion drawn from this was that the angled walls of the pyramidal
cavity cause significant power to be scattered into higher order
modes which cannot exit through the single-modeW-band waveg-
uide port. This is not necessarily a bad thing, as there is no reason
why these higher-order modes will not also be absorbed by the Ta.
However, since the idealised FEM model is purely single-moded, it
is not a true representation of the over-moded nature of the pyra-
midal cavity.
In an effort to carry out a test where measurement and simula-
tion were more representative of one another, namely a better
behaved, lower scattering system, a cavity with straight walls
and flat backshort were both measured and modelled. A cylindrical
cavity of length 1.5 mm was used, with the Ta coated substrate
positioned midway in the cavity, with the Ta coated side of the
substrate facing the backshort. Fig. 9 (left) shows the return power
parameter S11 across the W-band, and Fig. 9 (right) shows the
power absorbed by the Ta, deduced from the S11 data. Clearly there
is much better agreement between measurement and simulation
in this case, as the mode purity was better constrained in this
example. A CST [26] finite-difference time domain (FDTD) model
was used as well as the frequency domain (FD) COMSOL [17]
model for further verification.
4.2. Higher frequency FTS measurements
To test the scale models at frequencies beyond the range avail-
able with the W-band VNA set-up at Maynooth University’s labs, aFig. 9. Left: VNA return power (dB) from a cylindrical cavity of radius 6.5 mm and length
The predicted results from both a FEM model and FIT model are shown also. Right: Result
to the left.globar source was used in combination with a cryogenic cooled
bolometer and an FTS (Fourier transform spectrometer) at a lab
at SRON (Netherlands Institute for Space Research), Groningen.
The experimental set-up was essentially an FTS reflectometer, in
that it was the return power that was analysed in order to deduce
the level of signal absorbed by the Ta sheet. Fig. 10 shows a sche-
matic of the set-up.
The globar source was powered with 5 V and a current
of 2.65 A. By means of an external Mylar beam splitter of thickness
100 20 lm, approximately half the beam was directed to the
cavity via the feed horn, with the other half of the signal lost.
Any signal returned from the cavity was directed toward the FTS
(again via the beam splitter), and then to the bolometer for detec-
tion. An optical chopper, set to a frequency of approximately 30 Hz
was used in combination with a lock-in amplifier to minimise the
detection of low frequency noise. A low pass filter housed in the
cryostat was also used with the bolometer to block frequencies
above 3THz. Each of the FTS scans performed (Fig. 11 (left)) had
a step-size of 25 lm, giving access to a maximum frequency of
3.33 THz in the Fourier transformed data. The complete length of
each scan was 16 mm, yielding a spectral resolution of 4.682 GHz.
In an attempt to measure the stability of, and noise in the com-
plete setup, separate scans were completed one day apart, with all
components powered off in the time between scans. Fig. 12 (left)
shows the spectra from both days overlaid, while Fig. 12 (right)
shows the Day 2 result subtracted from the Day 1 result, revealing
a noise level on the order of 0.01 mV. Comparing the noise level to
the data on Day 1 or Day 2 indicates an SNR of around 2–10,
depending on the frequency.1.5 mm, with an 8 8 mm Ta absorber positioned 0.75 mm from the flat backshort.
s of power absorbed by the Ta absorber, inferred from the return power data shown
Fig. 10. Schematic of the globar, bolometer, and FTS measurement system used for higher frequency characterisation of the new cavity design.
Fig. 11. Left: An interferogram recorded using the FTS reflectometer measurement system at SRON. Right: Predicted atmospheric transmission for an optical path of 1 m for
frequencies up to 3 THz, calculated with an online tool [27].
Fig. 12. Left: Spectra recorded on two separate days for an 8 8 mm Ta absorber in the scaled pyramidal cavity, achieved by Fourier transforming the interferogram data
from the FTS reflectometer scans. Right: The result of subtracting the spectrum from the Day 1 data from that of the Day 2 data. This gives an approximate measure of the
noise in the system.
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spectral features intrinsic in the system itself (and not due to the
absorbing cavity) was to carry out two sets of FTS measurements;
one with the absorbing cavity connected to the horn/waveguide,
and one with the cavity replaced by a mirror at the waveguide
entrance. Fig. 13 (left) shows the two resulting spectra. There is
clearly a noticeable decrease in returned power when the absorberand cavity are in place, indicating a measurable response of the
absorbing cavity. Fig. 13 (right) shows the result of subtracting
the absorbing cavity signal from the mirrored horn/waveguide sig-
nal. The predicted efficiency of a 100 lm beamsplitter, based on
theoretical work reported by [28] is overlaid on the data. Thus,
the large null in the data at frequencies around 0.95 THz is not sur-
prising. Fig. 14, then, shows the result of dividing the mirrored
Fig. 13. Left: The spectra corresponding to an 8 8 mm Ta absorber in a scaled pyramidal cavity, and the case where the absorber and cavity were replaced be a mirror. Right:
The result of subtracting the absorbing cavity data from the mirrored waveguide data.
Fig. 14. The result of subtracting the absorbing cavity data from the mirrored
waveguide data, and then dividing the result by the mirrored waveguide data for
normalisation.
C. Bracken et al. / Infrared Physics & Technology 89 (2018) 194–202 201horn/wavguide data into the previous result in an attempt to nor-
malise the data, where again the beam splitter efficiency is overlaid
on the plot. Predicted results calculated using the mode-matching
method with SCATTER are also shown in Fig. 14, where relatively
good agreement is shown for frequencies that were possible to
simulate (up to 0.9 THz). A PC with 16 Giga Bytes of RAM
exhausted its memory for the FEM approach for frequencies
beyond 0.2 THz, therefore no FEM results are shown in Fig. 14.
It is difficult to extract a precise spectral response of the absorb-
ing cavity with the reflectometer setup. As can be seen in the nor-
malised data in Fig. 14, some of the values are above unity which
should not be the case for normalised data. This is obviously a
result of dividing the measured signal by very small values which
resulted from noisy data points. Furthermore, there is very little
usable signal at frequencies above 1.6 THz. This is likely due to
atmospheric absorption since the predicted transmission begins
to fall off for the higher frequencies, as shown in Fig. 11 (right).
For a more accurate characterisation of this new cavity design
future work will be required, where a direct readout of absorbed
signal by the Ta can be achieved (rather than the current indirect
approach). Progress is currently being made in terms of securing
funding for this next phase of work.5. Conclusion
In an attempt to increase coupling of signal to far-infrared TES
detector absorbers, and to increase uniformity of frequency
response of the TES’s, a new cavity backshort was designed. Thenew design is based on a silicon crystal etching manufacturing
technique, which results in a natural pyramidal geometry with a
surface finish significantly smoother than can typically be achieved
by machining. The performance of the new cavity design was mod-
elled using the commercially available COMSOLMultiphysics pack-
age, and with a customised mode-matching code for improved
computational efficiency. The two modelling techniques were
shown to be in good agreement, both showing the new cavity
design to have excellent performance across the 4.3–10 THz fre-
quency band.
In an effort to verify the theoretical results, a scale model
(25.4x) was built for testing at W-band frequencies with a
single-port VNA system and frequency multiplier head. Due to sig-
nificant disagreement between model and measurement for the
pyramidal scale model, a flat cylindrical cavity format was also
tested. The cylindrical cavity geometry was designed to limit the
level of power scattering to higher-order modes, and it resulted
in much better agreement between measurement and simulation,
thereby giving confidence as to the validity of the simulations.
Given the limitations in the range of frequencies accessible with
the VNA system, a second measurement campaign was carried out
using a globar source and a highly sensitive cryo-cooled bolometer.
An FTS was used in a reflectometer format to measure the spectral
response of the Ta absorber housed in the new cavity design at fre-
quencies up to 3.3 THz. The FTS system resulted in a measurable
signal at most frequencies within the passbands of the 100 lm
beam splitter, however it was difficult to have complete confidence
in the results across the full measured frequency range due to
atmospheric absorption at the higher frequencies, and nulls in
the data due to beam splitter efficiency.
Future work will be required for a more accurate characterisa-
tion of the new cavity design at the highest frequencies of the
far-infrared band. The future work should be based on a real-size
cavity for testing, and a direct read-out of absorbed power should
be implemented.Conflict of Interest
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